Coulomb interactions are crucial in determining the ground state of an ideal two-dimensional electron gas (2DEG) in the limit of low electron densities 1 . In this regime, Coulomb interactions dominate over single-particle phase-space filling. In silicon and gallium arsenide, electrons are typically localized at these low densities. In contrast, in transition-metal dichalcogenides (TMDs), Coulomb correlations in a 2DEG can be anticipated at experimentally relevant electron densities. Here, we investigate a 2DEG in a gated monolayer of the TMD molybdenum disulfide 2 . We measure the optical susceptibility, a probe of the 2DEG which is local, minimally invasive and spin selective 3 . In a magnetic field of 9.0 T and at electron concentrations up to n ≃ 5 × 10 12 cm −2 , we present evidence that the ground state is spin-polarized. Out of the four available conduction bands 4,5 , only two are occupied. These two bands have the same spin but different valley quantum numbers. Our results suggest that only two bands are occupied even in the absence of a magnetic field. The spin polarization increases with decreasing 2DEG density, suggesting that Coulomb interactions are a key aspect of the symmetry breaking. We propose that exchange couplings align the spins 6 . The Bohr radius is so small 7 that even electrons located far apart in phase-space interact with each other 6 .
, where a B is the effective Bohr radius. Coulomb interactions dominate at large values of r s (ref. 1 ).
Monolayer TMDs such as MoS 2 , MoSe 2 , WS 2 and WSe 2 represent a natural host for a 2DEG. There are two inequivalent conduction band valleys at the K and K′ points of the Brillouin zone. The large electron effective mass 4 and the weak dielectric screening result in an extremely small Bohr radius 7 , of ~0.5 nm. The immediate consequence is that r s is pushed towards relatively large values at experimentally relevant electron concentrations. MoS 2 is a special TMD as the spin-orbit splitting in the conduction band is small compared with typical 2DEG Fermi energies 5 . There are four available bands: K ↑ , K ↓ , ′ ↑ K and ′ ↓ K . In a single-particle picture at realistic electron concentrations, the low-temperature ground state consists of a close-to-equal filling of the four bands. We present here an experiment that overturns this single-particle picture.
We probe the 2DEG ground state in MoS 2 by measuring the susceptibility at optical frequencies. This probe is particularly powerful. First, it is a local measurement: signal is gleaned from a few-hundred-nanometre diameter spot on the sample. On this length scale, close-to-ideal optical linewidths have been demonstrated 8, 9 , yet there are clearly inhomogeneities on larger length scales even with state-ofthe-art material. Second, the measurement represents a weak perturbation to the ground state: in our experiments, there is, on average, less than one photo-created excitation (an exciton, an electron-hole pair) at a time (see Supplementary Section 3). Third, the optical probe is valley-and spin-selective via polarization of the light 3 .
Monolayer MoS 2 has a graphene-like structure with Mo and S sub-lattices 2,3 . The band edges are located at the K and K′ points; an energy gap of about 2.0 eV separates the conduction band from the valence band ( Fig. 1a ). Spin degeneracy is lifted by spin-orbit coupling. In each valley, the two conduction bands are split by Δ CB ≈ 3 meV (refs. 4, 5, 10 ) and the the two valence bands are split by Δ VB ≈ 150 meV (ref. 5 ). In MoS 2 , the upper valence band has the same spin as the lower conduction band 11 . Optical absorption promotes an electron from a valence band state to a conduction band state with strict selection rules 3 : a circularly polarized σ + photon couples the valence band and the conduction band with spin-↓ at the K point; a σ − photon couples the valence band and the conduction band with spin-↑ at the K′ point ( Fig. 1a ). Figure 1b shows the structure of our sample. A monolayer of MoS 2 forms a planar capacitor with respect to a conductive substrate. The carrier density n in the monolayer is determined by a voltage V G applied to the capacitor (see Supplementary Section 1). The MoS 2 monolayer is encapsulated in hexagonal boron nitride (h-BN): this allows close-to-ideal optical linewidths 8 (see Supplementary Sections 1 and 3) and Shubnikov-de Haas oscillations 12 to be observed at low temperature. We measure the optical susceptibility. At n ≃ 0, we verify the reliability of the optical spinvalley effect. Within the noise level, no cross-talk between the two valleys is observed (see Supplementary Section 4). Figure 2 shows the local optical susceptibility as a function of electron concentration at various values of the perpendicular magnetic field B z (for data reproducibility, see Supplementary Section 8). We focus initially on the susceptibility at B z = 9.0 T for n ≤ 6 × 10 12 cm −2 .
At low electron density, the peak labelled X 0 dominates the susceptibility for both σ + and σ − . This resonance corresponds to the creation of a neutral exciton. As n increases, the X 0 blueshifts (on account of band-gap renormalization), broadens and weakens, eventually disappearing into the noise. With σ + polarization, as X 0 weakens, two resonances emerge, labelled − X LE and − X HE . These two resonances are redshifted with respect to X 0 . In the opposite photon polarization, σ − , as n increases the X 0 resonance blue-shifts and weakens but for low to modest n there are no X − features.
The excitons injected into the 2DEG by our optical probe interact with the electrons in the Fermi sea. Theory has been developed to describe an exciton interacting either with a spin-degenerate Fermi sea at the Γ-point of the Brillouin zone 13, 14 or a spin-polarized Fermi
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Jonas Gaël Roch 1 *, Guillaume Froehlicher 1 , Nadine Leisgang 1 , Peter Makk 1,2 , Kenji Watanabe 3 , Takashi Taniguchi 3 and Richard John Warburton 1 sea 15 , and successfully stress-tested against experiments on quantum wells 13 and monolayer MoSe 2 (ref. 16 ). When the exciton-electron interaction is attractive, the exciton resonance splits into two exciton-polarons 15, 16 . The upper exciton-polaron corresponds to X 0 ; the lower exciton-polaron corresponds to X − (and becomes the trion in the single-particle limit 11, 17, 18 ). On the other hand, when the exciton-electron interaction is repulsive, only the X 0 appears in the susceptibility with a tail on the high-energy side (see Supplementary Section 5). In these theories, the interaction is attractive only if the electron in the exciton and the electron in the Fermi sea have opposite spins, a spin-singlet. The interaction is repulsive for parallel spins, a spin-triplet.
We apply the exciton-polaron theory to the MoS 2 susceptibility. With σ + photons, we observe not one but two lower exciton-polarons, − X LE and − X HE . This implies that the exciton interacts with two Fermi seas, the energy splitting arising from different exciton-electron scattering cross-sections. Specifically, the electron in the exciton has spin-↓. To form spin-singlets, both Fermi seas must have spin-↑, that is the ′ ↑ K and K ↑ bands are occupied. The different binding energies (defining the binding energy as the energy separation between the two exciton-polarons in the limit n → 0) arise from the fact that the two Fermi seas are at different locations in phase space. The − X LE has a constant linewidth whereas the − X HE has a linewidth which increases with n ( Fig. 3d ). This difference also points to the fact that the exciton interacts with two different Fermi seas. With σ − photons, the spectra follow the exciton-polaron theory for a repulsive exciton-Fermi sea interaction. This means that the photo-excited spin-↑ electron interacts with spin-↑ electrons in the Fermi sea: there are no spin-↓ partners to create spin-singlets in this case. For both σ + and σ − photons, the details of the measured spectra match the exciton-polaron theory (see Supplementary Section 5).
We are led to the conclusion that at B z = 9.0 T, two bands are occupied, both with spin-↑ (see Supplementary Section 6). Figure 4c ,d shows how we understand the two X − resonances. A photon-generated electron-hole pair with electron spin-↓ interacts attractively with spin-↑ electrons from two different bands. The trion binding for the intervalley scattering process (Fig. 4c ) is larger 19 as the electrons have both opposite spin and valley indices, similar to MoSe 2 20 . We associate this process to the resonance − X LE . The intravalley scattering process (Fig. 4d ) leads to the resonance − X HE . The absence of an X − resonance in σ − polarization tells us that the triplet process in Fig. 4e is unbound.
Of the four bands, only two are occupied. This conclusion on the number of occupied bands can be verified via another feature of the susceptibility spectra. In the limit of large hole mass, the energetic separation between the upper and lower exciton-polarons is simply n (cm -2 ) ×10 12 n (cm -2 ) ×10 12 n (cm -2 ) ×10 12 n (cm -2 ) ×10 12 0 5 10 15 
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Nature NaNotechNology Section 5 ). This enables us to determine E F from the optical spectra. As E F is linked to n by the two-dimensional density of states, we can determine how many bands are populated. Taking an electron effective mass of = . m m 0 44 * e o (ref. 4 ), the measured dδE/dn (Fig. 3b ) implies that 1.9 ± 0.1 bands are occupied at B z = 9.0 T (see Supplementary Section 5).
We turn now to the magnetic field dependence. At B z = 0.0 T, the − X LE and − X HE features are equally strong for both σ + and σ − photons (Fig. 2) . As B z increases, the − X LE and − X HE gradually disappear for σ − photons. At B z = 0.0 T, the gradients dδE/dn (Fig. 3c ) change by less than 10% with respect to B z = 9.0 T, suggesting that even in this limit, only two bands are occupied. Given the equivalence of the spectral signatures at B z = 0.0 T with respect to those at B z = 9.0 T (Fig. 2) , the same two bands are occupied, the two with the same spin but different valley indices. We define a contrast C as where I LE+HE (σ + ) (I LE+HE (σ − )) is the integrated susceptibility of − X LE and − X HE in σ + (σ − ) polarization. C increases from C = 0% at B z = 0.0 T to C = 95% at B z = 9.0 T (Fig. 3e ). Phenomenologically, we imagine that there are two states, one with spin polarization ↑, the other with spin polarization ↓. The two states are separated by gμ B B z where μ B is the Bohr magneton and g is a g-factor. Maxwell-Boltzmann statistics applied to this notional two-level system gives C(B) = tanh(gμ B B z /k B T), where k B is the Boltzmann constant and T the temperature. C follows this dependence on B z (Fig. 3e) . The notional g-factor decreases strongly with increasing n (decreasing r s ) (Fig. 3f ). This n-dependence (and also the temperature dependence, see Supplementary Section 7) suggests strongly that the spin polarization arises as a consequence of Coulomb correlations 23 . A microscopic interpretation of these two spin-polarized states represents an open question.
It is worth adding that despite the large value of B z = 9.0 T, no hints of Landau levels are observed in the low electron concentration regime, similarly to monolayer MoSe 2 20 and WSe 2
24
. Even at 9.0 T, Coulomb interactions are indeed so strong that the exciton is in the weak-field regime 25 . The experiment would therefore suggest that Landau quantization is not crucial for the spontaneous spin polarization.
For n ≥ 6 × 10 12 cm −2 , − X LE and − X HE weaken and the susceptibility is dominated by a broad, redshifted peak labelled Q (Fig. 2 ). There is no established theory for the optical susceptibility in this regime where the Fermi energy exceeds the trion binding energy. Nevertheless, we speculate that the absence of a marked contrast between σ + and σ − signals that the 2DEG is no longer spin-polarized.
The spin polarization of the MoS 2 2DEG can be qualitatively understood by exchange 26 and the strong intervalley Coulomb scattering 6 . At low temperature, the 'first' injected electrons populate the band with lowest energy (Fig. 4a ). Intravalley and intervalley exchange will then favour population of the bands with the same electron spin (Fig. 4b) : the small conduction band spin-orbit splitting implies a moderate cost in kinetic energy. These results highlight a very particular feature of TMDs. The Bohr radius is only slightly larger than the lattice constant such that the two-body Coulomb interaction connecting an electron at the K point with an electron at the K′ point (far apart in phase space) is comparable to the two-body Coulomb interaction between two electrons close together in phase space 6 .
At first sight, the spin polarization mimics Stoner ferromagnetism. However, the Stoner mechanism is based on a mean-field theory which is invalid in two dimensions for which ferromagnetic order is excluded by the Mermin-Wagner theorem 27 . However, the conduction band spin-orbit splitting, which is small but non-zero, establishes an in-built quantization axis such that a spontaneous symmetry breaking is feasible, Mermin-Wagner notwithstanding. At this point, theory is lacking and should go beyond the standard random-phase approximation 28 .
Full spin polarization is achieved here at rather large external magnetic fields. It may be possible to create spin polarizations at lower magnetic fields by using a magnetic substrate 29 . In turn, patterning this substrate may allow a textured spin polarization to be generated.
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